The distribution of perivascular nerve fibers expressing nitric oxide synthase (NOS)-immunoreactivity was examined in Sprague-Dawley and Long-Evans rats using affinity-purified rabbit antisera raised against NOS from rat cerebellum. NOS immunoreactivity was ex pressed within the endothelium and adventitial nerve fi bers in both rat strains. Labeled axons were abundant and dense in the proximal anterior and middle cerebral arter ies, but were less numerous in the caudal circle of Willis and in small pial-arteries. The sphenopalatine ganglia were the major source of positive fibers in these vessels. Sectioning postganglionic parasympathetic fibers from both sphenopalatine ganglia reduced the density of NOS immunoreactive (lR) nerve fibers by >75% in the rostral circle of Willis. Moreover, NOS-IR was present in 70--80% of sphenopalatine ganglion cells. Twenty percent of these neurons also contained vasoactive intestinal poly peptide (VIP)-immunoreactivity. By contrast, the supe rior cervical ganglia did not contain NOS-IR cells. In the trigeminal ganglion, NO-IR neurons were found chiefly within the ophthalmic division; -10--15% of neurons were positively labeled. Colocalization with calcitonin gene-
related peptide (CGRP) was not observed. Sectioning the major trigeminal branch innervating the circle of Willis decreased positive fibers by �25% in the ipsilateral ves sels. In the nodose ganglion, 20--30% of neurons con tained NOS-immunoreactivity, whereas less than 1 % were in the C2 and C3 dorsal root ganglia. Three human circles of Willis obtained at autopsy showed sparse im munoreactive fibers, chiefly within vessels of the poste rior circulation. Postmortem delay accounted for some of the reduced density. Our findings indicate that nerve fi bers innervating cerebral arteries may serve as a nonen dothelial source of the vasodilator nitric oxide (NO). The coexistence of NOS and VIP within sphenopalatine gan glion cells raises the possibility that two vasodilatory agents, one, a highly diffusable short-lived, low molecular-weight molecule, and the other, a polar 28 amino acid-containing peptide, may serve as coneurome diators within the cerebral circulation. Key Words: Nitric oxide synthase-Nitric oxide-Cerebral artery Vasoactive intestinal polypeptide-Sphenopalatine gan glion-Parasympathetic.
Cerebral arteries are richly innervated by non adrenergic, noncholinergic (NAN C) vasodilator nerves which contain vasoactive neuropeptides such as vasoactive intestinal polypeptide (VIP) (Gibbins et al. , 1984; Edvinsson et al. , 1987; Suzuki et aI. , 1988) , calcitonin gene-related peptide (CGRP) (Hanko et al. , 1985; Suzuki et al., 1989b) and possibly nitric oxide synthase (NOS) (Bredt et aI. , 1990) , the enzyme which catalyzes the biosyn thesis of nitric oxide (NO) . NO, a potent vasodilator, is known to pos-sess biological properties similar, if not identical, to endothelium-derived relaxing factor (Ignarro et aI. , 1987; Palmer et aI. , 1987 Palmer et aI. , , 1988 . NO is synthesized from L-arginine by NOS and immunohistochemical studies have localized NOS in the endothelium and adventitial layers of the rat anterior communicating artery (Bredt et aI. , 1990) . NOS-immunoreactivity was not evident in nerve fibers surrounding either small cerebral or peripheral vessels.
Pharmacological studies show that NO or NO related substances may be involved in neurogenic relaxation within canine (Toda and Okamura, 1990, 199 1; Lee et aI. , 199 1) , feline (Lee et aI. , 199 1), porcine (Lee et aI. , 199 1) , and bovine (Gonzalez and Estrada, 199 1) cerebral arteries. NO can readily diffuse across cell membranes and mediates vasodi lation by activating soluble guanylate cyclase within vascular smooth muscle (Kukovetz et aI. , 1979; Ig narro et aI. , 1987; Mollace et aI. , 199 1) . Increases in cGMP levels in turn, activate protein kinases in volved in phosphorylation and dephosphorylation of contractile (myosin light chains) and cellular pro teins (Rapoport et aI. , 1983) to mediate smooth muscle relaxation.
The objectives of the present study were to (a) examine the distribution of NOS-immunoreactive (IR) perivascular nerve fibers in cerebral arteries in two rat strains, (b) elucidate the possible sources of this innervation both by selective nerve transection and by immunohistochemical examination of auto nomic and sensory ganglia known to innervate the circle of Willis, (c) determine the possible coexist ence of VIP or CGRP within NOS-IR containing neurons, and (d) examine whether the human circle of Willis also possesses NOS-IR nerve fibers.
MATERIALS AND METHODS
Male Sprague-Dawley (n = 26) and Long-Evans (n = 17) rats (Charles River Labs, Wilmington, MA, U.S.A.) weighing 200--300 g were used in the present study. Hu man cerebral arteries (n = 3) were obtained from subjects with no apparent cerebrovascular disease at 8 h (female; 63 yrs), 10 h (female; 54 yrs), and 12 h (male; 58 yrs) postmortem.
Surgical denervation of the circle of Willis in rats
Selective surgical denervation was performed as de scribed and established previously by Suzuki (Suzuki et aI., 1988 (Suzuki et aI., , 1989b and by our group (Kano et aI., 1991; Koketsu et aI., 1992) . Rats were anesthetized with so dium pentobarbital (40 mg/kg, i.p.) and placed in the prone position before preparing the skin with 10% povi done-iodine. A linear incision was made over the medial orbital wall and the globe was retracted laterally to ex pose the ethmoidal foramen. The neural contents of the ethmoidal foramen [i.e., the parasympathetic nerve fibers and the ethmoidal nerve (a trigeminal branch of the naso ciliary nerve [NCN])] were transected within 2 mm of the foramen in ethmoidal foramen-transected (EFx) animals (Sprague-Dawley and Long-Evans rats, n = 4, respec tively). Selective sphenopalatine ganglionectomy (SPGx) involved transection of the parasympathetic nerve fibers at the ethmoidal foramen and removal of the ipsilateral sphenopalatine ganglion (Sprague-Dawley and Long Evans rats, n = 4, respectively). In some animals (Sprague-Dawley and Long-Evans rats, n = 3, respec tively), bilateral SPGx was performed. Selective sensory lesioning was accomplished by transecting the ethmoidal nerve (NCNx) at the foramen (Sprague-Dawley rats, n = 4; Long-Evans rats, n = 3). After surgery, animals were returned to their cages and kept for 10-14 days before being killed. The surgical procedure was well-tolerated and there was no mortality. The completeness of each lesion was confirmed by anatomical inspection at death. Three Sprague-Dawley and three Long-Evans rats with out denervation were used as controls.
Tissue preparations
Animals were deeply anesthetized with sodium pento barbital (60 mg/kg, i.p.) and perfused with 200 ml of 0.9% saline followed by the fixative, 200 ml of 4% paraformal dehyde in 0.1 M phosphate buffer (PB, pH 7.4), through the ascending aorta. The pial arterial trees were removed and prepared for whole-mount preparations as described previously (Kano et aI., 1991; Koketsu et aI., 1992) . Ar teries were postfixed with the above fixative for 1 h and kept in PB with 0.03% sodium azide. Some middle cere bral arteries were cut into 2-mm lengths and sectioned transversely (25 !-lm in thickness) in a cryostat and placed on gelatin-coated microslides.
The sphenopalatine, trigeminal, superior cervical, no dose, and C2 and C3 dorsal root ganglia were removed, postfixed with the same fixative for 1 h and kept in 20% sucrose in PB for 48 h. The ganglia were then cut in 50-!-lm sections on a freezing microtome and kept in the same stock solution. To examine for the possible colocal ization of NOS with VIP and/or CGRP, the sphenopala tine and trigeminal ganglia were sectioned at 10-15-!-lm thickness in a cryostat and adjacent sections were placed on separate gelatin-coated microslides and air-dried for 2 h.
Human cerebral arteries were placed in PB, after which longitudinal segments were cut from the anterior, middle, and posterior cerebral arteries and basilar, superior cer ebellar, anterior inferior cerebellar, and posterior inferior cerebellar arteries. Segments were fixed in Zamboni's fix ative overnight at 4°C before immunohistochemistry. Zamboni's fixative was chosen because the duration of fixation could not be assured with certainty and most human specimens were obtained on weekends and nights.
To examine the effects of perfusion fixation versus postfixation, two Sprague-Dawley rats were killed by an overdose of sodium pentobarbital (100 mg/kg, i.p.) and the pial arteries were removed at 0 h after death, and postfixed with 4% paraformaldehyde in PB overnight at 4°C before immunohistochemistry. In a separate experi ment, rat cerebral arteries (three Sprague-Dawley rats) were prepared for NOS immunohistochemistry after per fusion fixation with Zamboni's fixative.
To examine the effects of postmortem delay on NOS immunoreactivity, six Sprague-Dawley rats were killed as described above and the pial arterial trees were re moved at 0, 8, and 24 h after death (n = 2 at each time point), and postfixed with Zamboni's fixative and pre pared in the same manner as human tissues.
Immunohistochemistry
The arteries and ganglia were washed in 50 mM Tris buffer with 1.5% sodium chloride (TBS, pH 7.4) and per meabilized with 0.4% Triton X-IOO in TBS for 30 min, and then blocked with 0.1 % Triton X-loo and 4% normal goat serum in TBS for 30 min. After washing in TBS, the spec imens were exposed to affinity-purified rabbit antiserum against rat cerebellum NOS (1 :25) [polyclonal antibodies against purified rat cerebellar NOS were raised in rabbits and subsequently affinity purified; the preparation and specificity of the antisera has been described in detail elsewhere (Bredt et aI., 1990; ], rabbit antiserum against VIP (1:1500, Incstar, Stillwater, MN, U.S.A.) or rabbit antiserum against CGRP (1:2000, Amersham, Ar lington Heights, IL, U.S.A.) in 0.1 % Triton X-I00, 2% normal goat serum and 0.02% sodium azide in TBS for 1 h at room temperature, or overnight at 4°C. After washes in TBS (5 min x 3), specimens were incubated in bio tinylated goat anti-rabbit immunoglobulin G antibody (1: 200 dilution in TBS, Vector Labs, Burlingame, CA, U.S.A.) at room temperature for 1 h with gentle agitation. After washes in TBS (5 min x 3), specimens were incu bated in ABC-peroxidase complex (Vector Labs) at room temperature for 1 h. After TBS washes (5 min x 3), spec imens were placed for 3-5 min in a solution of 0.04% 3,3' -diaminobenzidine tetrahydrochloride (Sigma) and 0.003% hydrogen peroxide in TBS. Development was monitored by microscopic examination. To examine the specificity of primary antisera, specimens were incubated in the same manner either with omission of the primary antibodies, or with normal rabbit serum.
The density of NOS-IR nerve fibers was evaluated by two observers blinded to the treatment groups, and to the results of the other observer, using a 10 x objective and a Zeiss microscope. Observers were given slides prepared from control (unoperated) animals as a reference. The observers were then asked to rate subsequent "test" slides, containing those from other control and various lesioned animals.
After unilateral SPGx, there was little or no apparent reduction in NOS-immunoreactivity in the contralateral middle cerebral arteries in comparison to control (unop erated) preparations, hence the following rating scale was used to compare the difference in density of innervation on the two sides after unilateral denervation: <25% re duction; 26--50% reduction; 51-75% reduction; 76--100% reduction. The same rating scale was used to compare the effects of denervation on the density of innervation in the basilar artery between operated and unoperated animals, and to compare the two groups of animals after bilateral denervation. The correlation coefficient between the two observers was 0.98 as determined by regression analysis.
RESULTS

Rat cerebral arteries
Many varicose NOS-IR nerve fibers were found in large pial arteries in both rat strains (Fig. 1) , and there were no apparent differences between the two sides in unoperated animals. The fibers, which com prised individual axons or bundles, usually ran spi- 1993 rally and longitudinally along the walls of the large pial arteries. NOS-IR nerve fibers were most abun dant in the rostral circle of Willis, particularly within the proximal segments of the anterior (Fig.  la) and middle (Fig. Ib) cerebral arteries, and ter minal parts of the internal carotid artery. The pos terior communicating, posterior cerebral and basi lar arteries (Fig. Ie) contained fewer NOS-IR nerve fibers. Positive fibers were far less numerous on the superior cerebellar artery and small pial arteries (Fig. Id) . Thick bundles often ran longitudinally along the internal ethmoidal artery and the proximal segment of the anterior cerebral artery (Fig. la) . NOS-IR nerve fibers showed a pattern which more closely resembled VIP-than CGRP-containing nerve fibers ( Fig. Ib,e,f) .
On transverse sections, NOS-IR nerve fibers were observed in the adventitial layer and at the adventitia-media border (Fig. 2) . The endothelium also exhibited NOS-immunoreactivity, but no ap parent NOS-immunoreactivity was detected in smooth muscle cells.
NOS-IR was abolished in both whole-mount preparations and transverse sections by omitting primary antisera or by incubating tissues with nor mal rabbit serum (data not shown).
Rat ganglia
Neurons with NOS-immunoreactivity were found in the sphenopalatine, trigeminal, and nodose gan glia. In the sphenopalatine ganglion, 70-80% of neu rons (30-50 /-Lm in diameter) were positive, and they were diffusely distributed ( Figs. 3a and 4a ). In the trigeminal ganglion, 1-5% of neurons (25-40 /-Lm in diameter) showed NOS immunoreactivity. Most NOS-IR neurons were located within the ophthal mic division (Fig. 3b ). About 10-15% of neurons in this division showed NOS-immunoreactivity. In the nodose ganglion, 20-30% of neurons contained NOS-immunoreactivity, whereas < 1% of neurons showed NOS-immunoreactivity in the C2 and C3 dorsal root ganglia (data not shown). NOS-IR neu rons were not detected in the superior cervical gan glion, but immunonegative cells were surrounded by positive fibers (Fig. 3c ).
Thirty to forty percent of sphenopalatine neurons contained VIP-immunoreactivity, and approxi mately 10-15% of neurons exhibited both NOS-and VIP-immunoreactivity when evaluated on adjacent sections (Fig. 4) . None of the trigeminal ganglion neurons staining positive for CGRP (50-60%) were positive for NOS-immunoreactivity.
Surgical denervation
Bilateral SPGx almost eliminated NOS-IR nerve fibers within the anterior and middle cerebral arter- ies (>75% reduction compared to controls in five of six animals) ( Fig. 5a,c ; Table 1 ). In these same animals, the labeled fibers in the posterior cere bral and the distal basilar arteries were decreased by 26-75% with no apparent reduction in the proximal basilar artery. The decreases after uni lateral SPGx were also significant but less marked. In seven of eight animals, the fibers in the ipsilat-eral middle cerebral artery and in the terminal por tion of the internal carotid artery were reduced by 51-75% ( Fig. 5a,b ; Table 1) , although there was no decrease in the basilar artery. The results after uni lateral EFx were comparable to the effects after unilateral SPGx. Following unilateral NCNx, the reduction within the anterior and middle cerebral arteries was �25% in six out of seven animals ( Table 1 ) with no apparent decrease in the basilar artery.
6;
Human cerebral arteries
The density and distribution of NOS-IR nerve fi bers in cerebral arteries from three patients were similar and so the findings are described together. Sparse NOS-IR nerve fibers were present mainly in the basilar artery ( Fig. 7a ) and superior, anterior inferior, and posterior inferior cerebellar arteries. Moderate numbers of positive fibers were observed in small perforating arteries (Fig. 7b ), and only rare fibers were detected in the anterior, middle, and posterior cerebral arteries. A similar rostrocaudal distribution of VIP and CGRP containing fibers was observed, although both were more numerous than those expressing NOS immunoreactivity (Fig.  7c,d) .
The density and distribution of NOS-IR fibers did not differ between animals after perfusion fixation and postfixation either with Zamboni's fixative or with paraformaldehyde. Moreover, postfixation with Zamboni's solution did not affect the density or the distribution of NOS-IR nerve fibers in rat cerebral arteries (Fig. 8a,b) . However, the density of fibers was reduced by 25 and 50% after 8 and 24 h of postmortem delay, respectively (Fig. 8c,d) .
DISCUSSION
NOS-immunoreactivity was found within the en dothelium and nerve fibers in the adventitial layer of rat cerebral arteries. The plexus was most dense in large vessels of the circle of Willis and less dense in small pial arteries. NOS-IR axons which inner vate the rostral circle of Willis project mainly from J Cereb Blood Flow Metab, Vol. 13, No. 1, 1993 the sphenopalatine ganglion. The relatively small population of fibers which remained after bilateral parasympathetic denervation probably reflects the presence of small trigeminal contributions from the first division. Parasympathetic neurons within otic (Walters et al. , 1986) and carotid miniganglia (Su zuki et al. , 1988) innervate the basilar artery and other vessels of the caudal circle of Willis and may account for most of the NOS-IR remaining after denervation. Although surgical transection can in duce apparent compensatory increases in the phe notypic expression of some remaining fibers [com- monly, after many weeks there is a reported in crease in sensory peptide immunoreactivity after sympathectomy (see for review, Mione et al., 1990) ], this seems unlikely to have affected the rec sults in the rostral circle of Willis after bilateral de nervation. We cannot exclude this as a possibility within the caudal circle of Willis or after sensory de nervation , although our data are consistent with 
The percent reduction (estimated) was compared between the two sides (unilateral denervation) or between normal and denervated animals (bilateral denervation) after cutting connections between sphenopalatine (SPx) or nasociliary nerve (NCN; sensory) and cerebral arteries. Data are expressed as the number of animals falling within each of the rating groups for each vessel examined. ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; dBA, distal basilar artery; pBA, proximal basilar artery.
previous immunohistochemical reports examining the disappearance of perivascular nerve fibers after denervation (Suzuki et aI. , 1988 (Suzuki et aI. , , 1989b Kano et aI. , 199 1; Koketsu et aI. , 1992) .
The rat sphenopalatine ganglion contains a large population of VIP-, choline acetyltransferase (ChAT)-, or neuropeptide Y (NPY)-immunoreac tive neurons (Suzuki et aI. , 1989a; , and a sparse population of neurons containing dopamine l3-hydroxylase (DBH)-, substance P (SP)-, and CGRP-immunoreactivity (Hardebo et aI., 1992) . Colocalization is reported within sphenopalatine ganglion cells for the following proteins and/or pep tides: ChAT/NPY, ChAT/SP, NPY/SP, NPY/DBH, and SP/CGRP; VIP-IR coexists with each of the above as well (Suzuki et aI., 1990; Hardebo et aI., 1992) . Colocalization of VIP and NPY has also been reported in perivascular fibers (Cavanagh et aI. , 1989; Suzuki et aI., 1990) . Because a large popula tion of sphenopalatine neurons express NOS immu noreactivity and NOS-IR nerve fibers are dense in cerebral arteries, coexistence between NOS and the above-noted proteins and peptides (in addition to VIP) remains a distinct possibility. However, the physiological importance of cotransmitters or mod ulators remains unknown within the cerebral circu lation.
The density of NOS-IR nerve fibers was signifi- cantly lower in human than in rat cerebral vessels. Postmortem degeneration accounted for some dif ferences but the choice of fixative probably did not. The distribution of NOS-IR nerve fibers differed between the two species as well. For example, pos itive fibers were observed mainly within the human basilar artery and its branches and infrequently in the rostral circle of Willis. In rat vessels (both strains), the rostral circle of Willis was more densely innervated. CGRP-, VIP-containing fibers exhibited a similar innervation pattern as NOS containing fibers in rat and human vessels, thereby suggesting that the differences in staining pattern were not re l ated to the NOS antisera. Published data concerning the rostro-caudal distribution of nerve fibers in the human circle of Willis is lacking. However, based on radioimmunoassayable levels of neuropeptides, rostral human vessels did not contain measurably greater levels (i. e., VIP, NPY, CGRP, and SP) than caudal arteries (Moskowitz et al. , 1985; Edvinsson et al., 1987) . As noted, possi ble differences in antigenic determinants between rat and human NOS are unlikely to explain the ob-served species differences. The employed antisera cross reacts with NOS in primate tissues (Bredt et al. , 199 1) . NO and neurogenic vasodilation. The above find ings raise the possibility that NO is an important mediator of neurogenic vasodilation in vivo. Con sistent with this notion, several previously pub lished in vitro studies indicate that NO may be in volved in the NANC relaxation of blood vessels induced by transmural nerve stimulation (TNS). Toda and Okamura (1990, 199 1) suggested that NO might be released from perivascular axons in endothelium-denuded canine cerebral arteries. They reported that inhibitors of NO synthesis from L-arginine blocked or suppressed relaxation caused by TNS, and that L-but not D-arginine restored the relaxation response. They also measured tetrodo toxin-sensitive increases in NO formation or release after TNS in intact vessels. Studies conducted in parallel suggested that relaxation by TNS was me diated by guanylate cyclase activation because methylene blue (which inhibits soluble guanylate cyclase activity) blocked the neurogenic vasodilator response and because cGMP levels increased dur ing TNS. Interestingly, the cGMP response to TNS was also blocked by pretreatment with NOS inhib itors. Gonzalez and Estrada (199 1) suggested that neu rogenic relaxation in bovine cerebral arteries was mediated by endothelium-derived NO. In their ex periments, TNS-induced vasodilation was reduced by NOS inhibitors, and potentiated with superoxide dismutase (SOD) which inhibits NO degradation by superoxide anion. Because vasodilation was abol ished by endothelium removal, NO release from en dothelium was postulated. Gaw et al. (199 1) examined NO involvement in neurogenic vasodilation within endothelium denuded sheep cerebral arteries, and concluded that VIP mediated the neurogenic vasodilation re sponse through a direct action on smooth muscle via cGMP-mediated mechanisms that apparently in volves NO synthesis. They based their conclusions on data showing that the relaxant response to either VIP or TNS was inhibited by methylene blue, NOS inhibitors, or hemolysate but was enhanced by SOD J Cereb Blood Flow Metab, Vol. 13, No. 1. 1993 or a cGMP-phosphodiesterase inhibitor. Although a vascular smooth muscle origin for NO was favored, a neuronal origin could not be ruled out. Moreover, the findings of Gaw et al. (199 1) should be inter preted in the light of data showing that (a) NOS was not expressed in detectable amounts within rat vas cular smooth muscle by the employed immunohis tochemical methods ; the present study) and (b) NO biosynthesis can be induced in vitro in rat and bovine vascular smooth muscles (Moritoki et al. , 1990; Wood et al. , 1990; Fleming et al. , 199 1) by mechanisms dependent upon de novo protein synthesis (Fleming et al., 199 1) .
NO as a vasodilatory messenger molecule. The colocalization of NOS-and VIP-immunoreactivity in single sphenopalatine ganglion cells implies that VIP, a potent vasodilatory neuropeptide and NO, a highly diffusible molecule which acts via cGMP el evation, might be released from the same nerve ter minal as neuronal messengers (Bult et al., 1990) . VIP-but not CGRP-induced relaxation of endothe lium-denuded sheep cerebral arteries was report edly blocked by NOS inhibitors (Gaw et aI. , 1991) , which implies that NO may modulate VIP-induced cerebroarterial relaxation postjunctionally. It is also possible that NO from perivascular nerve fibers might be involved in prejunctional modulation of other neurotransmitters.
